the local synthesis of proteins such as ␣-CaMKII proquires the cis-acting CPE sequence and the CPE-bindvides a simple and rapid mechanism for apportioning ing protein CPEB. CPEB is also present in the dendritic newly made proteins to the activated synapse.
In this study, we have asked whether cytoplasmic polyadenylation occurs in neuronal tissue and, if so, whether it could be involved in synaptic plasticity. We show that CPEB is expressed in the rodent brain, including the hippocampus, cerebellum, and primary visual cortex. CPEB protein is present in dendritic layers of the hippocampus and is localized at synapses in cultured hippocampal neurons. It is also selectively enriched in postsynaptic density fractions (PSD). We further show that ␣-CaMKII mRNA contains two CPE-like sequences in its 3Ј UTR. These elements are bound by CPEB in vitro and mediate polyadenylation-induced translational activation in injected Xenopus oocytes. Finally, we demonstrate that visual experience induces rapid polyadenylation and translational activation of ␣-CaMKII mRNA in the visual cortices of dark reared rats. These findings indicate that cytoplasmic polyadenylation may regulate synaptic plasticity by controlling the translation of specific mRNAs in dendrites. tions of adult rat brain. In the hippocampus, CPEB mRNA was present in the cell bodies of the dentate gyrus, when similar blots were probed with preimmune serum as well as in the CA1-CA4 regions ( Figure 1B ). CPEB (data not shown). message was also detected in Purkinje cells of the cereWe then examined the distribution of CPEB protein bellum and in the visual cortex, where it was enriched in the hippocampus. We observed immunostaining with in layers 2 and 3. No signal was detected in sections CPEB antibody in the stratum moleculaire of both pyraprobed with the CPEB sense RNA (data not shown). midal and dentate granule neurons ( Figure 2B ). Immunolabeling was also observed in the dentate granule and pyramidal cell bodies (data not shown). No immunoDistribution of CPEB Protein in the Brain staining was observed when a control IgG was substiTo determine the distribution of CPEB protein, crude tuted for the first antibody. Therefore, CPEB is present extracts of the same mouse and rat brain regions noted in both the dendritic layer and cell bodies of the hippoabove were analyzed by Western blotting with affinitycampus. purified CPEB antibody (Figure 2A) . In both species, CPEB was most abundant in the hippocampus and cere-CPEB Is Localized at Synapses bral cortex, with comparatively little present in the cereThe immunostaining observed in sectioned material described above suggested that CPEB was expressed in bellum or the rest of the brain. CPEB was not detected dendrites and cell soma. The same neuron, double labeled with an (B) CPEB is expressed in dendritic layers of the hippocampus. Froantibody directed against CPEB, shows CPEB localized in puncta zen sections of rat hippocampus were immunostained with antialong the dendrites. CPEB immunoreactivity displays a similar distri-CPEB antibody. Labeling in granule cell somas of the dentate gyrus bution to that of synapses on this neuron. A higher magnification (DG) and the hippocampal fissure (HF) is observed. The inset shows of a dendrite taken from two different neurons demonstrates CPEB the region along the hippocampal fissure demarcating pyramidal colocalization with synapses (arrows). Some synapses have little or and granule dendritic layers stained for CPEB. Scale bar, 20 m.
Results

CPEB mRNA Is Present in the Brain
no CPEB colocalization (small arrowheads). In addition, CPEB puncta are occasionally concentrated in regions that did not stain for synaptophysin (large arrowheads Figure  3A ). Both synaptophysin and CPEB immunoreactivity not distinguish whether this protein is presynaptic and/ or postsynaptic. We therefore prepared fractions of were distributed as puncta along the length of dendrites, with CPEB immunoreactivity also evident in the cell body adult brain regions enriched in synaptosomes and postsynaptic densities (PSD). The PSD fractions contain neu-( Figure 3A) . A comparison of the immunostaining in the dendrites at higher magnification shows that CPEB and rotransmitter receptors (e.g., NMDAR1 subunit), anchoring proteins, and regulatory enzymes (e.g., ␣-CaMKII) synaptophysin had an overlapping distribution ( Figure  3A, arrows) . However, instances where the two proteins but lack presynaptic components such as synaptophysin ( Figure 3B, left) . The Western blots in Figure 3B were not colocalized are also evident ( Figure 3A , arrowheads). At this time in culture the majority of synaptophyshow that CPEB was present at low levels in the initial homogenate, was more prevalent in synaptosomes, and sin is concentrated at synapses (Fletcher et al., 1991) . Therefore, we conclude that CPEB is localized at synwas most enriched in the PSD fraction of all brain regions tested. The localization of CPEB at the PSD suggests apses.
To test whether CPEB recognizes these CPE-like sequences, we performed a gel retardation experiment. Purified, baculovirus-expressed, histidine-tagged CPEB (Figure 4B , lane 10) was mixed with radiolabeled ␣-CaMKII 3Ј UTR that contained both (WT), one (mt1 or mt2), or no (mt1ϩ2) putative CPEs. The resulting complexes were then analyzed on a nondenaturing polyacrylamide gel (Figure 4B) . His-CPEB altered the mobility of ␣-CaMKII 3Ј UTR that contained either two or one of the CPE-like sequences (lanes 2, 4, and 6); however, it had no effect on the mobility of the mutant RNA that lacked both CPElike sequences (lane 8). Thus, CPEB interacts with the CPE-like sequences of the ␣-CaMKII 3Ј UTR. linked more efficiently to CPE1 (mt2) than to CPE2 (mt1), but this disparity is partly due to the fact that CPE1 contains more U's than CPE2 and would thus transfer that it could play a role in the translational regulation of more label to Xenopus CPEB following UV irradiation. mRNAs in the postsynaptic region.
In no case did preimmune serum select radiolabeled material ( Figure 5A ). These results demonstrate that endogenous Xenopus CPEB recognizes the mammalian CPEB Interacts with ␣-CaMKII CPEs In Vitro ␣-CaMKII CPE-like sequences. Because CPEB is an RNA binding protein, its functional
We next performed an in vivo polyadenylation assay role in neurons obviously depends on the RNA(s) to in Xenopus oocytes. These cells, which are arrested in which it is bound. One attractive candidate is ␣-CaMKII the first meiotic prophase, do not have the ability to mRNA, which is localized in dendrites, is translated in polyadenylate cytoplasmic RNA. However, they acquire the postsynaptic region following tetanic stimulation this capacity when stimulated to reenter the meiotic (Ouyang et al., 1997), and whose product is critical for divisions by progesterone (oocyte maturation). Furthersynaptic plasticity (Silva et al., 1992; Gordon et al, 1996) . more, both injected as well as endogenous CPE-conWe cloned a murine ␣-CaMKII cDNA by RT-PCR and taining RNAs are polyadenylated during oocyte maturasequenced the 3Ј UTR. Figure 4A ure 5B, lanes 2 and 3). mt1 RNA, which lacks CPE1, was also polyadenylated but somewhat less efficiently (lane 1996; Stebbins-Boaz and Richter, 1997). 5); mt2 RNA, which lacks CPE2, was weakly polyadenylated (lane 7). This difference in the strength of polyadenylation cannot be attributed to a variation in the binding affinity of CPEB for the two CPEs (cf. Figure 4 ) but was probably due to the proximity of the CPE to the AAUAAA. For other RNAs, this distance has a profound impact on the extent of polyadenylation (Simon et al., 1992) . Most importantly, however, is the observation that mt1ϩ2 RNA, which contains no CPE, did not undergo polyadenylation (lane 9). Taken together, these data demonstrate that ␣-CaMKII RNA is capable of undergoing CPEdependent cytoplasmic polyadenylation.
A number of maternal mRNAs undergo cytoplasmic polyadenylation during oocyte maturation. In all cases tested, this modification stimulates translation ; Stebbins-Boaz and Richter, 1997). To examine whether this is also true for ␣-CaMKII RNA, we fused the luciferase coding region to the ␣-CaMKII 3Ј UTR (WT or mt1ϩ2) and injected the chimeric RNA into Xenopus oocytes, which was followed by progesterone-induced oocyte maturation. The change in translational efficiency during maturation was measured by luciferase activity ( Figure 5C ). For each of six experiments, the luciferase RNA was translated most efficiently when it was appended with the wild-type ␣-CaMKII 3Ј UTR. The average increase in luciferase activity for the RNA with the WT 3Ј UTR was 6.8-fold, whereas that for mt1ϩ2 was virtually unchanged (1.3-fold). Because both RNAs were equally stable during the incubation period (as determined by RNase protection, data not shown), these differences in luciferase activity accurately reflect relative translational efficiencies. Thus, the ␣-CaMKII 3Ј UTR contains all the signals necessary for polyadenylationinduced translational activation. however, the primer will anneal at multiple sites, and light, or were exposed to light for 30 min to 6 hr. Following RNA extraction, PAT assays for ␣-CaMKII and neurofilament (NF) mRNAs, the latter of which contains no cal manner (data not shown). These elongated poly(A) (B) Visual cortices were removed from dark reared rats either not tails, which were over 1000 nucleotides long, were also exposed to light or exposed to light for 30-360 min. They were also detected in rats exposed to light for 2 and 6 hr. Such removed from rats maintained on a standard 12 hr light-dark cycle. lengths were comparable to those observed in adult rats prior to RT-PCR by treatment with oligo (dT) and RNase H ( Figure 6D ). Third, we observed only single, discrete amplification products when RT-PCR was performed subsequent RT-PCR will produce products that are heton the same RNA samples using two ␣-CaMKII 3Ј UTRerogeneous in size, the largest of which approximates specific primers ( Figure 6E ). Taken together, these data the largest size poly(A) tail ( Figure 6A) . confirm that ␣-CaMKII mRNA undergoes polyadenylaTo examine changes in mRNA polyadenylation intion in the visual cortex following visual experience. duced by neural activity, we studied the visual cortex We next asked whether this polyadenylation is accomof dark reared rats. In these animals, there is massive panied by new synthesis of ␣-CaMKII protein. Accordactivity-driven reorganization in the visual cortex followingly, we prepared synaptic-rich fractions (synaptoneuing exposure to light. Visual cortices were dissected rosomes) (Hollingsworth et al., 1985) from visual cortices of dark reared rats either never exposed to light, or from dark reared rats that were either never exposed to exposed to light for 30 min. A Western blot containing 6). Thus, the presence of CPE-like sequences in 3Ј UTRs does not necessarily denote those mRNAs that identical amounts of protein from these fractions was probed with a monoclonal antibody directed against will undergo cytoplasmic polyadenylation. Furthermore, in searching the databases, we detected CPE-like se-␣-CaMKII (Figure 7) . Synaptoneurosome fractions prepared from dark reared rats exposed to light contained, quences in the 3Ј UTRs of several neuronally expressed mRNAs. However, because these sequences were often on average, 1.7-fold more ␣-CamKII than those from dark reared rats with no visual experience. This lightincomplete and lacked the AAUAAA, we could not judge whether they would normally promote cytoplasmic polyinduced increase was due to new synthesis because it was not observed in rats injected with cycloheximide adenylation. (Figure 7) . We therefore conclude that visual experience induces ␣-CaMKII mRNA translational activation.
Polyadenylation and Translational Activation of ␣-CaMKII mRNA following Synaptic Activation Discussion
In dark reared animals, most ␣-CaMKII mRNA molecules have poly(A) tails that are ‫002ف‬ nucleotides in length. In this report, we show that CPEB, a protein that controls Following light-induced synaptic activation, the tails on specific mRNA translation in oocytes, is expressed in the a subpopulation of molecules are elongated to over 1000 brain. CPEB is localized at synapses and is selectively bases. We favor the idea that polyadenylation occurring concentrated in PSDs. The elements that are essential at the synapse leads to the increase in newly synthefor CPEB binding, the CPEs, are present in the 3Ј UTR mediate dendritic mRNA localization and transport.
The slides were examined using a Nikon E800 fluorescent microscope. Images were recorded with a Photometrics CCD camera using IP Lab Systems software.
Cytoplasmic Polyadenylation and Synaptic Plasticity Hippocampal Neuron Cultures and Immunohistochemistry
Cytoplasmic polyadenylation-induced translation could
Low-density cultures of rat hippocampal neurons were made as be a general mechanism for regulating synaptic efficacy. To demonstrate the requirement for a poly(A) tail for the PAT assay, isolated from adult rat hippocampus. Oligo(dT) was used to prime 1 g of total RNA was treated with oligo (dT) and RNase H (Stebbinsthe RT reaction. For the PCR, two primers were used: 5Ј CAGGTCGA Boaz and Richter, 1994) prior to RT-PCR with the oligo (dT)-anchor CGGAACTGGCAGAAAAACTGC (oligo #1) and 5Ј GCTCTAGACACA primer and oligo #3. Finally, to confirm that ␣-CaMKII sequences TAAATTTGTAGCTATTTATTCC (oligo #2). Smaller 3Ј UTR regions were amplified in the PAT assay, the PCR products were Southern that contained either wild-type or mutated CPEs were constructed blotted and probed with a radiolabeled 151 nt ␣-CaMKII 3Ј UTR by PCR using the original 3Ј UTR clone as the template. For the sequence. wild-type sequence, the PCR primers were 5Ј CCGAAGCTTCTCTCT CTTTCTTTTTTATTATGTGGCTGTG (oligo #3) and oligo #2. For mt1, the PCR primers were 5Ј CCGAAGCTTCTCTCTCTTTCGGTACCATT Analysis of ␣-CaMKII in Synaptoneurosomes ATGTGGCTGTG (oligo #4) and oligo #2. For mt2, the PCR primers Dark reared rats were either anesthetized in the dark (DR) or anesthewere 5Ј GCTCTAGACACATAAATTTGTAGCTATTTATTCCACTGAA tized following 30 min of light exposure (DRϩ30). The primary visual AACACC AAGGGTACCACAGACGTCTCTTC (oligo #5) and oligo #3.
cortex was rapidly dissected in cold, sterile PBS and immediately For mt1ϩ2, oligos #4 and #5 were used. PCR products were dihomogenized in cold buffer (10 mM HEPES, 2.0 mM EDTA, 2.0 mM gested with HindIII and XbaI and ligated into the same restriction EGTA, 0.5 mM DTT, 0.1 mM PMSF, 10 mg/l leupeptin, 50 mg/l sites in pBSSK, becoming pBSSK-␣-CaMKII. The templates used soybean trypsin inhibitor, 100 nM microcystin). Synaptoneurosome for in vitro synthesis of radiolabeled RNA were prepared by PCR fractions were isolated using a procedure adapted from Hollingsusing T7 promoter primer and oligo #2. worth et al. (1985) . Briefly, the tissues were homogenized and passed through two 100 micron nylon mesh filters followed by a 5 Gel Retardation Assay with His-mCPEB micron pore filter and the filtrate centrifuged at 1000 ϫ g for 10 min. His-mCPEB was prepared in a Bac-to-Bac baculovirus expression
In some experiments, DR rats were injected IP in the dark with system (GIBCO BRL) according to the manufacturer's instructions.
cycloheximide (Sigma, 1 mg/kg) and either kept in the dark for 1 The coding region of CPEB was inserted in-frame behind a His-tag hr or brought into the light for 30 min, one-half hr after injection. at the XhoI site in pBactfastHTb and transposed into a baculovirus Synaptoneurosome fractions from the visual cortices were then isoshuttle vector (bacmid). Gel shift reactions were prepared according lated as described above. to Hake et al. (1998) .
Equal amounts of total protein (250 g) from the synaptoneurosome fractions were resolved on a 5%-15% polyacrylamide gel, blotted, and probed with a CaMKII monoclonal antibody (#6G9, UV Cross-Linking, Immunoprecipitation, 
